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Insights into transformative coastal processes are unlocked though understanding sediment transport 
mechanisms in fine-grained delta front environments. Movement of fine-grained sediments on delta 
fronts is not wholly explained through advection settling models. While advection settling models 
generally assume deposition into a still body, numerical modeling of sediment re-entrainment suggests 
there may be tidal, wave, and/or non-steady hydrograph influences allowing particles to reach greater 
distances by altering the decelerating velocity field. This research explores both an advection settling 
model and a mass conservation Rouse profile model to understand the irreducible delta front processes 
controlling sediment deposition. Using field data collected on the Wax Lake Delta, Louisiana, USA, the 
irreducible processes of a fluvially dominated delta are quantified to understand the influences of 





Chapter 1: Research Problem 
 
1.0 – Stratigraphic Record 
Decoding preserved systems in the stratigraphic record relies on energy driven partitioning of 
sediment. Preserved deposits of actively building, or prograding, deltas are characterized by a 
coarsening-upward vertical succession of facies as seen in Figure 1.1 (Nichols, 2009; Boggs, 2012). The 
facies succession illustrates the change in energy from the lower energy receiving basin to the higher 
energy river channels. Quantifying this energy change in present day deltas provides insight into the 
complex sediment transport systems dominated by river, wave, and tidal processes (Boggs, 2012; Allen 
2017). 
 
Figure 1.1: Anatomy of a prograding delta (after Nichols, 2009). (a) Cross-sectional view of delta highlighting 
location of specific features. (b) Cross-sectional view of deposited sediments with drawn sigmoidal time horizons, 
or clinoforms. 
 
Sediment transport models commonly applied to deltas rely on flow letting into a still basin, causing 
suspended sediment to settle through competing horizontal flow and vertical settling velocities (Lamb et 
al., 2008; Ganti et al., 2014; Naqshband et al., 2017). The advection length scales calculated in this 
manner are three to four orders of magnitude shorter than the average length of delta front deposits 
(Ganti et al., 2014). Therefore, the distance traveled by delta building sediments exceeds the advection 




This study aims to identify the dominant deltaic processes at time of preservation by constructing a 
system model and validating outputs with data from a present-day analogue. Through the analysis of 
flow and sediment transport conditions, a model of the irreducible processes is developed to determine 
the role of riverine versus coastal influences as they pertain to the anomalous extended transport of 
sand sized grains. Field measurements taken on the Wax Lake Delta, Louisiana, USA are used to quantify 
a deltaic system’s flow and sediment parameters that may inform paleo-deltaic conditions. 
 
1.1 – Distilling a System Model 
Building a delta sediment transport model requires balancing riverine and coastal influences. 
River-dominated, or fluvially dominated deltas, depicted in Figure 1.2, characteristically have minor 
coastal influences from waves and tides (Nichols, 2009). Minor coastal influence is comprised of a 
microtidal regime, defined as a tidal swing less than two meters (Boggs, 2012), and wave energy that is 
largely dissipated before reaching the coastline (Nichols, 2009). Under these conditions, sediment 
carried by river flow is ejected out of the subaqueous channels into the interdistributary bays and out 
over the delta front before ultimately depositing in the relatively calmer waters of the receiving basin. 
Mathematically describing this sediment path is key to understanding the life cycle of a delta and 
quantifying the processes behind this land building process. 
 
 
Figure 1.2: Fluvially dominated delta (after Nichols, 2009). Distributary channels build out extensive depositional 
lobes due to the absence of reworking by waves and tides. Low energy, interdistributary bays are characteristic. 
 
A two-dimensional model of suspended sediment transport from a subaqueous channel levee to 
delta front must acknowledge the core forces at work: 1) flow conditions, 2) sediment properties, and 3) 
coastal influences (Boggs, 2012). Fluid flow characteristics vary with distance from a subaqueous 
channel levee where velocity is highest and gradually slows over the delta front to the conditions 
present in the receiving basin. Sediment introduced to a delta system first depends on the ability of the 
upriver flow to transport it to the subaqueous channel levee. Sediment grain size distribution at the 
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subaqueous channel levee must be known, or theorized, to predict the depositional trends found on the 
delta front. Finally, the interaction of waves and tides must be acknowledged as an addition of energy to 
the delta system. 
 
A fluvially dominated delta model considering only these core aspects aims to capture the 
simplest, fundamental processes shaping the system in a root processes model. A root processes model 
is constructed from a system’s irreducible elements to explain observed sediment movement. Results 
from this model will inform which processes are necessary to move and deposit sediment that is 
preserved in the stratigraphic record. While a model can be constructed to require high resolution, 
hourly data of many parameters in three-dimensions, the benefit of including excess data, day to day 
perfect information is not unequivocally superior at informing which processes are the minimum 
conditions necessary to describe the preserved system. Therefore, this model aims to develop the 
fluvially dominated delta front sediment transport by beginning with the irreducible aspects of fluvially 
and coastal processes and then identifying additional inputs, adding complexity if necessary. 
 
1.2 – Fundamental Characterization 
The core of a delta can be broken down into 1) flow conditions, 2) sediment properties, and 3) coastal 
influences (Boggs, 2012). Each of these aspects is modeled independently, though codependences exist. 
Flow conditions inform what particles sizes are capable of transport and where in the system sediment 
is carried. Sediment properties inform how long a specific grain size will remain in suspension and/or 
bed load transport. And the addition of costal processes influences the flow conditions, altering the flow 
path and/or ultimate sediment deposition.  
 
1.2.a – Flow Conditions 
The characteristic flow patterns of a delta front include local velocity changes and the shear stress 
applied to the bed. Using satellite imagery, the plan view flow patterns can be established by identifying 
the movement of visible suspended sediment and biofilms (Cathcart et al., 2020). These flow patterns 
inform the particle streaklines, the two-dimensional vertical slice of flow through which the out letting 
velocity field is slowing and melding with the flow conditions of the basin. Streaklines can therefore be 
used to trace the characteristic path a suspended particle will follow until its ultimate deposition, 
establishing the two-dimensional water depth over distance model framework. 
 
To characterize flow conditions, the average flow velocity is vital. From the average flow velocity, the 










where ū(z) is the average velocity at a specific depth in meters per second, u* is the fluid shear velocity 
in meters per second, κ is the von Kármán (1931) constant, z is the height of calculation in meters, and z0 
is the reference bed height in meters. The fluid shear velocity, u*, can then be converted to fluid shear 
stress, in Pascals, τ*: 
 




where ρfluid is the fluid density in kilograms per cubic meter, taken to be 1000 kg/m3 for fresh water. By 
depth integrating equation 1, the fluid shear velocity at the bed can be determined.  
 
The reference height, z0, is generally taken to be the height of the bed load layer above the solid bed of 
the channel. There are multiple models available to calculate this parameter, for example van Rijn 
(1984), Wiberg and Smith (1989), and Wiberg and Rubin (1989), with the model proposed by Wiberg 
and Rubin (1989) employed herein. The height of the bed load layer is calculated as the height a particle 
will “jump” vertically at the initiation of motion, known as the saltation height. Saltation height is 
calculated by first determining the reference concentration of the bed load, <Ci>: 
 
〈Ci〉 =  
0.045 CbE
0.93
1 + 0.045 E0.93
 (3) 
 
where Cb is the maximum bed load concentration taken as 0.65 cubic meter over cubic meter, and E is T* 
minus 1. T* is the sediment mobility fraction defined as:  
 









where the bed load flow parameter is divided by the corresponding critical fluid flow parameter. The 
critical flow parameter is the imparted stress necessary to initiate motion of a particle of a specific 
diameter. Several models exist to calculate the critical shear stress (ie. Andrews, 1984; Brownlie, 1981; 
Knighton, 1988; Fischenich, 2001) all building from Shields’ (1936) original equations. Fishchenich’s 
(2001) contemporary equations intend to improve the prediction of critical shear stress in natural 
channels with heterogeneous substrate and are defined as: 
 
For Clays:     τcr =  0.5 × g (ρs − ρf) d × tan(Φ) (5) 
For Silts and Sands:     τcr =  0.25 𝑑∗
−0.6 × g (ρs − ρf) d × tan(Φ) 
𝑎𝑛𝑑 𝑑∗ = 𝑑 × [








For Gravels and Cobbles:     τcr =  0.06 × g (ρs − ρf) d × tan(Φ) (8) 
 
where φ is the angle of repose of the particle, G is the specific gravity of the sediment, g is gravitational 
acceleration in meters per second, ρs is the sediment density and ρf is the fluid density in kilograms per 
cubic meter, ν is the kinematic viscosity in meters squared per second, and d is the grain diameter in 
meters. Finally, the saltation height calculation, δb in meters, is calculated from equations fitted by 
Wiberg and Ruben (1989) as: 
 
δb = D (
0.68 T∗
1 +  a2 T∗
) (9) 
 
where D is grain size in meters, and a2 is a grain size depended fitted curve calculated by:  
 
a2 = 0.024 (ln D)




Characterizing the flow conditions along a delta front streakline path is the first step to building a root 
processes model. Understanding the average velocity profile leads into further calculations to determine 
the bed shear stress, the height of the bed load layer, and the bed load layer concentration potential. 
Each of these fluid description properties illustrate changing flow conditions over the area of interest. 
Table 1.1 summarizes the flow parameters for reference. 
 
Table 1.1 – Flow parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
ū(z) 
Average Flow Velocity at 
Depth z 
meters 
Schlichting, 2000 z Depth meters  
z0 Reference Depth meters 
u* Fluid Shear Velocity meter per second 
κ von Kármán dimensionless von Kármán, 1931 
ν Kinematic Viscosity of Water m2 / s - 
g Gravitational Acceleration m / s2 - 
τ* Fluid Shear Stress Pascals - 
ρs Grain (Solid) Density kg / m3 - 
ρfl or ρfluid Fluid Density kg / m3 - 
G Grain Specific Gravity dimensionless - 
u*cr Critical Fluid Shear Velocity meter per second 
Wiberg and Ruben, 1989 
τ*cr Critical Fluid Shear Stress Pascals 
<Ci> 
Reference Bed Load 
Concentration 
volume / volume 
Cb 
Maximum Bed Load 
Concentration 
volume / volume 





δb Sediment Saltation Height meters 
d or D Grain Diameter meters 
 
1.2.b – Sediment Properties 
Characterizing sediment grains requires understanding size, shape, and density. The typical 
quantification of grain size is done by measuring diameter of a physical sample through laser imaging 
techniques or running the sample through a series of calibrated sieves. Diameter values are commonly 
reported in units of length or in dimensionless Krumbein phi scale values (Krumbein, 1934). The 
Krumbein phi scale, unitless φ, is the relationship of grain size of interest to a reference gain size given 
as: 
 





where D is the grain size of interest in millimeters, and D0 is the reference grain size equal to one 




Grain shape is the three-dimensional relationship of length, width, and thickness characteristics 
reduced into a single “shape factor”. Commonly incorporated shape factors are the Corey and the Janke 
shape factors (Corey, 1949; Janke, 1966). The Corey shape factor, unitless CSF, is: 
 







where a, b, and c are the longest, intermediate, and shortest orthogonal axes measured in dimensionally 
consistent units of length. The more complex Janke shape factor, unitless E, is:  
 
𝐸 = 𝑐 (







where a, b, and c hold the same designations as the Corey shape factor. Due to the Janke method’s 
complexity, the Corey shape factor is more commonly incorporated into models of grain properties as 
the simplest formulation that is physically meaningful (Dietrich, 1982).  
 
Grain density is largely a function of minerology, and a legacy of the lithology from which it 
eroded. A grain’s minerology will determine if the grain settles as a single particle, a floccule, or a pellet. 
Identifying the minerology of sediment is beneficial, however, the additional complexity encompassed 
by including clay floccule behavior in sediment transport models does not necessarily outweigh the 
benefit of a simplified model. Many models of grain properties assume the modeled particles are quartz 
sand with a density of 2.65 g/cm3 (Hallermeier, 1981; Dietrich, 1982; Cheng, 1997; Ferguson & Church, 
2006). 
 
With size, shape, and density information for a grain available, the rate at which the grain will 
fall through the water column in the absence of other forces, the grain’s settling velocity, can be 
calculated. A grain’s settling velocity depends on the entraining fluid’s properties as well as the grain 
itself. Many models have been constructed to calculate settling velocity for both artificial and natural 
grains (ie. Hallermeier, 1981; Dietrich, 1982; Cheng, 1997; Ferguson & Church 2006). The widely 
accepted model proposed by Dietrich (1982) fits three curves for size and density (R1), shape (R2), and 
roundness(R3) into a single equation for dimensionless settling velocity given as: 
 
W∗ =  R3  ×  10
(R1+ R2) (14) 
 
The size and density fitted equation, R1, incorporates dimensionless grain size, D*, as its sole 
dependency: 
 
Size and Density:  R1 =  −3.76715 + 1.92944(log D∗) − 0.09815(log D∗)
2.0 
                                                     −0.00575(log D∗)






The shape fitted equation, R2, incorporates both dimensionless grain size as well as the Corey shape 
factor given in equation 8: 
 
Shape:  R2 = log (1 −
1 − CSF
0.85
) − (1 − CSF)2.3 tanh(log D∗ − 4.6) 
                          +0.3(0.5 − CSF)(1 − CSF)2.0(log D∗ − 4.6) 
(16) 
 
And the roundness fitted equation, R3, incorporates both previous dependencies, D* and CSF, as well as 
the Powers roundness, P (Powers, 1953): 
 
Roundness:  R3 =   [0.65 −  (
CSF
2.83






Dietrich’s model is bounded below by Stokes’ Law (Stokes, 1850) and above by turbulent flow 
settling conditions. The lower bound is incorporated through constraints, however the upper bound is 
not conformed to turbulent flow conditions. The contemporary model developed by Ferguson and 
Church (2006) builds from previous work using a similar approach with a piecewise nature broken over 
particle Reynolds numbers for laminar and turbulent flow. The particle Reynolds number, dimensionless 
Re, is: 
 





where ws is the particle settling velocity in meters per second, D is particle diameter in meters, and ν is 
the kinematic viscosity of water taken to be 1x10-6 for fresh water at 20 degrees Celsius.  
 
The model by Ferguson and Church (2006) is an iterative approach to determining particle 
settling velocity, where the settling velocity is first calculated to determine the particle Reynolds 
number, then the particle Reynolds number is verified to fall within the range of the piecewise section 
from which the settling velocity was calculated. The settling velocity for laminar flow, Stokes’ flow, 
where the particle Reynolds number is less than one is given as: 
 





where R is the particle’s submerged specific gravity (equation 16 below), g is the constant for 
gravitational acceleration in meters per squared second, and C1 is a constant equal to 18 for smooth 
spheres and natural sands where sieve diameter is used, 20 for natural sands where nominal diameter is 
used, and 24 for angular grains. A particle’s submerged specific gravity is: 
 







where ρs is density of the solid and ρf is the fluid density in dimensionally consistent mass per volume 
units.  
 
The transitional flow regime equation developed by Ferguson and Church (2006) is valid for 
particle Reynolds number between 1 and 1000 and given as: 
 
ws =  
RgD2




where C2 is the constant drag coefficient equal to 0.4 for smooth spheres, 1.0 for natural sands where 
sieve diameter is used, 1.1 for natural sands where nominal diameter is used, and 1.2 for angular grains.  
 
The final piecewise portion is the equation for turbulent flow conditions, valid for particle Reynolds 







Calculated particle settling velocity is a key parameter describing sediment transport. It is a 
necessary component to describe the entrainment of specific grain sizes, as well as predict how far a 
particular sediment size can be carried by given flow conditions, and under which conditions the particle 
will fall from suspension. Fully describing transported sediment is fundamental to capturing movement 
through fluid media. Many of the symbols and calculations are standard across measurement 
techniques and models and summarized in Table 1.2 for easy reference. 
 
Table 1.2 – Sediment parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
φ Krumbein Phi Scale dimensionless Krimbein, 1934 
D Grain Diameter mm or m  - 
CSF Corey Shape Factor dimensionless Corey, 1949 
E Janke Shape Factor dimensionless Janke, 1966 





b Intermediate axis 
c Shortest axis 
ws Particle Settling Velocity m / s 
Dietrich, 1982 
Ferguson & Church, 2006 
ν Kinematic Viscosity of Water m2 / s - 
g Gravitational Acceleration m / s2 - 
R Submerged Specific Gravity unitless - 
ρs Solid Density g / cm3  or  kg / m3 - 
ρf Fluid Density g / cm3  or  kg / m3 - 





1.2.c – Coastal Influences 
Oceanographic energy inputs to a marginal-marine system are waves, tides, and currents 
(Boggs, 2012). Characterizing each input captures the transformative energy applied to a deltaic system. 
In fluvially dominated deltas, the chief transformative processes are waves and tides (Allen, 2017). 
Incorporating the interplay of waves and tides is a key constituent to analyzing sediment transport, as 
demonstrated in South San Francisco Bay (Chou et al., 2018) where low tidal conditions allow for wave 
action to suspend higher quantities of sediment that is transported seaward with high tides. 
 
Coastal tidal range falls into one of three categories: microtidal, mesotidal, or macrotidal. 
Microtidal range is less than two meters while mesotidal ranges from two to four meters, and the 
macrotidal range is greater than four meters (Boggs, 2012). Tidal range in select locations is measured 
by the reflection of acoustic signal off the water level inside of a sounding tube every six minutes, 
digitally recorded, and made publicly available by government agencies such as the National Oceanic 
and Atmospheric Administration (National Ocean Services, 2021). 
 
Additional shear stress imparted on the bed by localized wave action can potentially entrain 
sediment that the fluid velocity itself cannot remove from the bed. Essential wave parameters, such as 
direction, height, and period, are captured through wave buoys equipped with accelerometers that 
continuously monitor the water surface conditions.  
 
Formulas developed by van Rijn (2007a, 2007b, 2008, 2012) outline the transformation of 
measured wave properties to the shear stress applied to the bed. The time-averaged wave applied bed 
shear stress, τb,w in Pascals, is: 
τb,w = 0.25 ρf fw (Uw)
2 (23) 
 
where ρf is fluid density in kilograms per meters cubed, fw is the wave related friction coefficient, and Uw 
is the peak orbital velocity near the bed. The wave related friction factor is dependent on the type of 
oscillatory flow and broken into rough (eq. 20), smooth (eq. 21), and laminar (eq. 22) equations where fw 
is dependent on a combination of the peak orbital excursion, Aw, wave-related bed roughness, ks,w, peak 
orbital velocity, Uw, and the kinematic viscosity of water, ν (van Rijn, 2008):  
 




































where Aw is the peak orbital excursion, Hs is the significant wave height, k is the wave number, h is the 
water depth, and L is the wavelength. 
 
Quantifying the additional energy from tidal excursion and waves is an important aspect of 
acknowledging the coastal influences of deltaic systems. Table 1.3 below summarizes the variables, and 
equations presented above (van Rijn, 2007a, 2007b, 2008, 2012). 
 
Table 1.3 – Wave parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
τw,b 
Wave Derived Bed Shear 
Stress 
Pascals 
van Rijn, 2007a, 
2007b, 2008, 2012 
ρf Fluid Density kg / m3 
fw 
Wave Related Friction 
Coefficient 
dimensionless 
Uw Peak Orbital Velocity m / s 
Aw Peak Orbital Excursion meters 
kw,s 
Wave Related Bed 
Roughness 
meters 
ν Kinematic Viscosity m2 / s - 
Tp Peak Wave Period seconds van Rijn, 2007a, 
2007b, 2008, 2012 Hs Significant Wave Height meters 
k Wave Number 1 / meters 
van Rijn, 2007a, 
2007b, 2008, 2012 
h Water Depth meters 
L Wavelength meters 
 
1.3 – Sediment Transport Models 
Two common sediment transport modeling methods are by particle advection length or Rouse 
concentration profile. Each approach highlights a certain aspect of sediment in suspension, the path of 
transport of a single grainsize or the change in concentration over distance respectively.  Both model 
types consider particle settling velocity as a factor for entrainment, with advection settling models 
relying heavily on counteracting forces to explain particle movement through a fluid. Concentration-
based models combine settling velocity with the overall entrained sediment concentration to evaluate 
the effect of concentration at keeping particles entrained in the flow using mass balance techniques. 
 
Fluvial sediment transport into a large body of water is commonly modeled using advection 
settling. Advection settling depends on the properties of the transported particle, and the carrying fluid 
velocity. These models consider the path of a single grain to a single bed location, or an advection 
length-scale. An advection length-scale can be defined to characterize the length a particle of given 
characteristics under certain velocity conditions will travel (Ganti et al., 2014; Lamb et al., 2008). An 









where U is the average flow velocity in meters per second, h is the particle settling height in meters, r0 is 
the be roughness height calculated by dividing the bed load sediment concentration by the depth 
averaged sediment concentration, and ws is the particle settling velocity. Once the flow velocity is no 
longer sufficient to counteract gravitational forces on a particle, the particle is dropped from suspension 
and deposited to the bed over a single advection length-scale. Advection settling models generally 
assume that once a particle has come to rest, that particle is not re-entrained by the current flow 
conditions. 
 
Rouse concentration profile modeling methods explore the effects of grain size dependent 
concentration changes driven by downstream trends. Modified from Primez et al. (1998), the grain size 
dependent open channel Rouse profile (Rouse, 1937) for suspended sediment concentration is adopted 
into a mass conservation formulation, Ri(x): 
 
𝑅𝑖(𝑥) =  
𝜕 (𝑈 〈𝐶𝑖〉 ℎ)
𝜕𝑥
     (31) 
 
where U is the average flow velocity in meters per second, <Ci> is the depth-averaged concentration of 
the i-th grain size sediment in the flow, h is the flow depth in meters, and x is the position in meters. A 
positive value of this partial differential equation indicates erosional conditions, reflecting an increase in 
suspended sediment with changing position, and a negative value represents deposition conditions, 
reflecting a decrease in suspended sediment with changing position. The depth-averaged concentration 








(ℎ − 𝑧𝑎)(1 − 𝑃𝑖)
 (32) 
 
where N is the total number of distinguished grain size classes, Ci,a is the concentration of the i-th grain 
size at reference height za in meters, h is the flow depth in meters, and Pi is the Rouse number defined 
as: 
 





where ws,i is the grain size dependent settling velocity, u* is the fluid shear velocity, and κ is the von 
Kármán constant taken to be 0.4 (von Kármán, 1931). 
 
Both modeling methods have distinct advantages and disadvantages. The advection settling 
model is mathematically less complex and easier to implement; however it does not consider the 
possibility of re-entrainment of grains. The partial differential, Rouse concentration profile, mass 
balance approach is significantly more rigorous mathematically and more difficult to implement. 
However, it innately considers the re-entrainment of sediment along the entire reach of interest. Both 
modeling methods are explored in a fluvially dominated deltaic system to predict sediment movement 





1.4 – Hypotheses 
The movement of sediment in a fluvially dominated delta system fails to conform to a pure 
advection settling model, which lends itself to the following central research question: In a shallow, 
prograding delta system, why do fine-grained sediments reach greater distances than current advection 
settling models can predict? To address this question, two simplistic, two-dimensional sediment 
transport models are developed and tested though the following hypotheses: 
 
Hypothesis 1:  
Depositional grain size fining trends on delta fronts depend only on the change in shear stress from the 
decreasing outlet flow and can be modeled by advection settling models. 
 
Null Hypothesis 1:  
Depositional grain size fining trends on delta fronts do not ONLY depend on the change in shear 
stress from the decreasing outlet flow and will not fit only an advection settling model. 
 
Hypothesis 2:  
Suspended sediment concentration fines from the initial point of velocity deceleration on to the delta 
front to ultimate deposition. 
 
Null Hypothesis 2:  
Suspended sediment concentration does not fine from the initial point of velocity deceleration on to 
the delta front to ultimate deposition. 
 
Qualifying Null Hypotheses 
Hypothesis 2a:  
Variations in sediment concentration over the decreasing velocity fields can be modeled by 
incorporating cyclical wave action. 
 
Hypothesis 2b:  
Variations in sediment concentration over the deceasing velocity fields can be modeled by 
incorporating tidal influences. 
 
Hypothesis 2c:  
Variations in sediment concentration over the decreasing velocity field can be modeled by 







Chapter 2: Methods 
 
2.0 Field Methods 
The Wax Lake Delta, Louisiana, U.S.A. (hereafter WLD) provides a prime field location to assess 
the relationship of riverine and coastal inputs in a deltaic system. The WLD is a modern extension of the 
greater Mississippi River Delta, receiving water from the Mississippi River through the Atchafalaya River 
and finally the 40-kilometer dredged Wax Lake Outlet (WLO) (Fisk, 1952; Shaw 2013). Around 1880, the 
Atchafalaya River began capturing discharge from the Mississippi River, increasing the flood risk to the 
Atchafalaya Basin and Morgan City (Fisk, 1952). To mitigate the elevated flood risk, the U.S. Army Corps 
of Engineers dredged the WLO in 1942, providing a second conduit for flow into Atchafalaya Bay (Figure 
2.1) (Latimer & Schweitzer, 1951; Fisk, 1952). 
 
 
Figure 2.1: Geographical location of the Wax Lake Delta, Louisiana, USA. (A) Atchafalaya Bay area depicting 
detailed location of Wax Lake Delta, Wax Lake Outlet, and the origin of flow diversion from the Atchafalaya River. 
(B) Named passes of the Wax Lake Delta proper. 
 
Initially, only clay and silt reached Atchafalaya Bay through WLO as sands were selectively 
deposited in the then 40-kilometer long, 8-kilometer wide, 3-meter deep Grand Lake (Shelemon, 1975; 
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Shaw, 2013). The depositing sands formed the 12-kilometer long, 2-kilometer wide sand bar that now 
separates Yellow Bayou from the Atchafalaya River. This separation allows significant volumes of sand to 
pass through the WLO and deposit in Atchafalaya Bay, producing the first subaerially exposed deposits 
of the WLD (Roberts et al., 1980). WLD has developed with little human alteration since 1973 (Roberts 
et al., 2003), in contrast to the neighboring Atchafalaya Delta where the main shipping channel is 
continuously maintained. This lack of human alteration on WLD provides a near pristine environment for 
study. 
 
Atchafalaya Bay is a semi-protected, mild-slope, shallow basin that receives low wave energy 
and weak longshore drift (Heerden & Roberts, 1988). This combination classifies both the Atchafalaya 
and Wax Lake Deltas as fluvially dominated (Galloway, 1975). The average tidal swing in Atchafalaya Bay 
is less than half a meter, classifying the area as microtidal (Boggs, 2012). The combination of mild coastal 
influences and undisturbed deltaic processes is ideal for assessing the extent of riverine influence on 
sediment transport. Therefore, WLD has been chosen as the field location for new data collection 




Figure 2.2: Available Wax Lake Delta sample locations. Blue sample locations taken in October 2020. Red sample 





2.1 – Field and Laboratory Equipment 
An array of equipment was used to assess flow conditions, sediment distribution, and coastal 
influences. A summary of instruments directly used to collect and/or process samples is provided in 
Table 2.1. Many of these instruments have unique data measurements that are reduced to parameters 
such as velocity, shear stress, wave period, grain size, and so forth. While there is some overlap between 
reduced data outputs, it is important to note each instrument reached that output separately through 
different methods. This section is a short overview of the instrumentation theory.  
 
Table 2.1 – Summarized Instrument Information. 
Instrument Name Abbreviation Measurement(s) Reduced Data 


























Collects physical sample of 
depth integrated suspended 
sediment. 
- 
Hand Corer - 




3000 laser particle size 
analyzer 
MasterSizer Light Scatter Grain Size Distribution 
 
Lowell Tilt Current Meters (TCMs) use tri-axial accelerometers and magnetometers to calculate 
current velocity and direction, while the raw data can be analyzed with signal processing techniques for 
periodic data signals, such as waves. An included temperature sensor can be used to inform water 
temperature as well as instrument health. Post processing of TCM data for velocity is provided through 
Lowell’s programming and communication software, Domino. 
 
LISST-SL2 Streamlines Isokinetic Sediment Flux Sensor (LISST-SL2) employs laser diffraction to 
discern particle size and concentration. Water enters the LISST-SL2 nozzle and passes between a pair 
parallel glass windows and crosses a red laser beam. Light from the beam is scattered, which is collected 
by a receiving lens and analyzed through 36 ring detectors. The ring detector measurements are 
inverted to provide sediment concentration broken into 36 bins of grain sizes. A sum of all 36 bins 
provides the total suspended sediment concentration. 
 
Acoustic Doppler Current Profiler (ADCP) emits sound pings at a set frequency and measures the 
change in response from suspended sediment and the bed. Using the Doppler effect concept, particles 
moving away from the ADCP return attenuated frequency waves, while particles moving toward the 
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ADCP return enhanced frequency waves. The resulting change in returned frequency is the Doppler 
shift, which is used by topside software to calculate the current velocity. 
 
Melvern MasterSizer 3000 laser particle size analyzer (MasterSizer 3000) uses laser diffraction of 
both red and blue light to calculate the grain size distribution in each, re-suspended sediment sample. 
The sample of interest is re-suspended in deionized water and fed through the instrument, where is runs 
between a viewing window. A series of detectors measures the dispersion of emitted light over a range 
of angles. The light scatter angles are converted to a binned grain size distribution. 
 
2.2 – System Characterization 
Defining a model for the WLD delta front sediment transport reduces the system to the sum of 
its parts: flow, sediment, and coastal influences. Depicting the flow pattern and characteristics will 
enable determination of where and how (in bed load or suspension) sediment is transported. An 
understanding of spatial grain size distribution will indicate to what extent certain grain sizes can be 
found both in flow and in suspension. The additional energy imparted by waves and tides will fully 
characterize the delta system as a marginal-marine environment as defined by Boggs (2012). Finally, 
seasonal discharge changes are included as a cyclical variation in the above defined parameters.  
 
2.1.a – Flow 
Delta front flow conditions are quantified with TCMs and a boat mounted ADCP. TCM stations 
are selected in a grid to cover varying flow states leaving the sub-aqueous channel, across the 
interdistributary bay, and out over the delta front as seem in Figure 2.3. During a deployment period of 
March 2nd through October 1st 2020, TCMs were set to a 16 Hz, 1 minute burst every 15 minutes. TCM 
deployment included bottom deployed shallow water and deep water instruments. Post processing of 
TCM data was provided by manufacturer software to determine current direction at a given location. 
 
 
Figure 2.3: Lowell tilt current meter deployment locations. 
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A boat mounted ADCP was used to collect current data. Measurements were taken while 
anchored, allowing the ADCP to sit undisturbed for a full five to ten minutes. Topside instrument 
software reduced the collected frequency data to provide an average velocity as well as a velocity 
profile over depth. 
 
2.2.b – Sediment 
Both bed and suspended sediment were sampled to characterize the grainsize distribution 
across the delta front. Bed sediment holds a record of the grain sizes deposited at a discrete location 
while suspended sediments identify which grain sizes can be suspended in the flow. Each sample type 
informs the overall depositional trends of a fluvially deltaic system. Localized sampling informs the 
sediment transport processes acting on a discrete area of the larger system. The sediment sampling 
program was conducted with a combination of instrumentation and physical sampling. 
 
Bed grab samples were retrieved with a hand corer while anchored. Only the top section of each 
retrieved core was bagged as a representative sample of current conditions. Samples were then 
returned to the lab and run through the Malvern MasterSizer 3000 laser particle size analyzer. 
MasterSizer data for each sample was then analyzed for median proportion of silt (below 61.5 micron 
bin) and sand (above 61.5 micron bin) fraction using a python script run through Spyder open-source 
development environment. 
 
Suspended sediment was analyzed via two methods: in situ laser imaging and physical samples 
collected and assessed in the laboratory. In situ imaging was conducted on WLD with a boat mounted 
(Figure 2.4) LISST-SL2 Streamlined Isokinetic Sediment Flux Sensor. At each anchored station, the LISST-
SL2 was lowered over the bow of the boat, equalized to the fluid temperature, and let down to near 
bottom before reeling the instrument up through the water column. Each reeled measurement was 
performed a minimum of three times, and repeated if the LISST-SL2 contacted the bed or displayed 
otherwise questionable real time readings. At the end of each deployment day, the LISST-SL2 was 
flushed with on board fresh water and recalibrated following Sequoia manufacturer’s instructions. 
Retrieved data files were processed through Sequoia’s accompanying software. 
 
 
Figure 2.4: LISST-SL2 boat mount set up. The cantilever arm is C-clamped to the bow, securing the transmission 




Physical suspended samples were taken using a DH-48 depth integrated sampler over the stern 
of the boat. Clean, plastic bottles were used for each sample, and triplicate samples were taken at each 
location. The DH-48 was lowered over the stern with sufficient extensions to tag the bottom. The nozzle 
was turned into the direction of local flow at the top of the water column and then slowly lowered and 
retrieved to collect a sample that was evenly distributed. Sample bottles that were over full upon 
retrieval were discarded. 
 
The triplicate physical sediment samples were then taken to the laboratory to be analyzed. Each 
sample was set aside in an undisturbed location until the suspended sediment settled. Excess water was 
pipetted off the top to reduce the overall sample size. 3% hydrogen peroxide was then added, and the 
sample shaken to burn off organic matter. The sample was them allowed to stand until the sediment 
settled, repeating the process until the added hydrogen peroxide no longer interacted with the sample. 
The sample was then suction filtered onto ashless filter paper before being placed in an oven at 300 
degrees Celsius until dried. The final dried sample was then run through the same MasterSizer 3000 
instrument to provide grain size distribution. 
 
All physical samples were processed with the help of undergraduate researchers Miranda 
Brengartner and Megan Killey. 
 
2.2.c – Coastal Influences 
Tidal and wave data were collected through deployed TCMs and through publicly available data 
provided by the National Oceanic and Atmospheric Administration’s National Data Buoy Center and 
Waves and Tides database. Monthly minimum, maximum, and mean tides at the closest available data 
stations (EINL1 North of Eugene Island and AMRL1 Amerada Pass) were pulled for the years 2016 to 
October 2021. Wind direction events at each station were pulled and processed into wind roses, 
indicating the most prevalent wind direction for the evaluated period. 
 
Raw burst data from the deployed Lowell Tilt Current Meters described in Section 2.1.a was 
processed using Fourier transforms and Low pass filtering techniques (Robinson, 1980; Kanasewich, 
1981; Bracewell, 2000) to extract a localized wave period. The forward Fourier transform, F(s), in 
Bracewell’s (2000) notation, is the integral from negative infinity to infinity of the discrete function, f(x), 
multiplied by the transform exponential, with respect to x (eq. 30). 
 
F(s) =  {f(x)} =  ∫ f(x)
∞
−∞
e−2πixs dx (34) 
 
Using the open-source software for mathematics, science, and engineering, SciPy, the fast Fourier 
transform was applied to the data set, transforming the data into frequency space. A conservative 
lowpass filter was then applied, passing data with frequency less than 0.4 Hertz. The lowpass ceiling was 
chosen per Lowell manufacturer user manual, in which it states: 
 
“…even in ideal conditions, the position of the meter is non static. Vortex shedding incudes 
oscillation in the TCM. Vortex shedding is normal and is factored into the calibration of the 
19 
 
meter but it must be filtered out. … The frequency over time of vortex shedding varies with 
water speed and model number but is in the range of 0.5 to 2 Hertz.” 
 
The inverse Fourier transform, f(x), is the integral from negative infinity to infinity of the transform 
function, F(s), multiplied by the transform exponential, with respect to s (eq. 31). SciPy’s inverse fast 
Fourier transform was applied to resolve the wave period experienced by the TCMs. 
 
f(x) =  {F(s)}−1 =  ∫ F(s)
∞
−∞
e2πixs ds (35) 
 
Wave induced bed shear stress was estimated by applying the median of observed parameters 
for the low flow or high flow period. Significant wave height was informed by the wave buoy deployed 
at Trinity Shoal, however since data at this station is not available for a significant time period and it is 
located outside of the protection of Atchafalaya Bay, significant wave height was assessed in a 
reasonable median condition for sediment transport, as explained in the following chapter.  
 
2.3 – Model Building Methods 
Two distinct models were developed to test sediment transport mechanisms: an Advection 
Settling Model and a Rouse Profile Model. Each model aims to test a falsifiable hypothesis to determine 
the minimum incorporated information necessary to reasonably predict the movement of sediment on a 
fluvial dominated delta front. Both models were developed in python using the Spyder open-source 
development environment with imported, supporting libraries. 
 
The base of each model is a structure that defines bins over distance along a characteristic 
particle streak line from the subaqueous channel levee to a user defined end distance. Initiation data is 
input in comma delimited (CSV) format, and calculated values are passed to subsequent bins to establish 
the depositional trends of each grainsize class. Each model’s output is a code generated graphic and a 
.CSV file with catalogued information for each input bin. Calculations made independent of the outlined 
advection settling or rouse profile framework are written as called functions and are callable by both 
models. These defined functions are summarized in Table 2.2 along with their source materials. 
 
Table 2.2 – Function Scripts. 
Function Calculation Equation Number(s) Reference 
Settling Velocity 19, 21, 22 Ferguson and Church, 2006 
Bed Load Concentration 3, 4  Wiberg and Ruben, 1989 
Saltation Height 9, 10 Wiberg and Ruben, 1989 
Wave Shear Stress 23 van Rijn, 2012 
Critical Shear Stress 5, 6 Fischenich, 2001 
 
2.3.a – User Defined Inputs 
User defined inputs are delivered in formatted CSV in a hard coded reference folder. Each model 
requires two input CSVs, one file to define the binned length structure and a second to handle singular 
inputs. The binned CSV file is mimicked in Table 2.3 with the number sign, #, representing freeform 
numerical entry. Bin numbers are indexed at one and have no limit, provided all data for each bin is 
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filled. Additionally, bins do not need to be the same length, if higher resolution is desired at a particular 
point along a particle path, bins can be adjusted. 
 
Table 2.3 – CSV format for binned model inputs. 
Bin Number 1 … n 
Bin Length (m) # … # 
Depth (m) # … # 
Velocity (m/s) # … # 
Wave Angle (°) # … # 
 
Table 2.4 is a representation of the second input CSV, providing single inputs that are not 
dependent on a specific bin. Inputs of grain size or particle settling depth are not limited, provided all 
relevant information is provided and no gaps are left in the number sequence. Input files are accessed 
based on name and file location. Data is read into array lists and passed to the model’s main calculation 
block. 
 
Table 2.4 – CSV formats for discrete single inputs. 
Advection Settling Model Rouse Profile Model 
Grain Size (micron) # … # Grain Size (micron) # … # 
Particle Starting Depth (m) # … # 
 
2.3.b – Calculation Block, Advection Settling Model 
The Advection Settling Model is defined as a set of nested loops. The outermost loop increments 
through the input grain size and corresponding particle starting height and increments after all bins have 
been calculated for the first input condition in the discrete values CSV. Before the nested loop is begun, 
the particle settling velocity is calculated using the method outlined by Ferguson and Church (2006).  
 
The internal loop then calculates each bin sequentially. The depth that the grain could fall in the 
given bin length is calculated and compared to the actual water depth. If the calculated fall depth is 
shallower than the depth of the bed, the grain is passed to the next bin as suspended sediment. This 
calculation is then repeated until the depth a particle can settle is greater than the depth of the water 
column. At this point, the shear stress condition of the bed is assessed to determine if the particle can 
be transported as bed load before it coming to rest. These calculations are repeated for all bins and all 
grain sizes and positions input upon model initiation. Model outputs are reported graphically as grain 
size path over depth and distance. 
 
2.3.c – Calculation Block, Mass Conservation Rouse Profile Model 
The mass conservation rouse profile model is likewise defined as a set of nested loops. The 
outermost loop establishes the number of grain size classes and the characteristic grain size of each 
class defined in the user input file. Before the nested loop is begun, the particle settling velocity is 
calculated using the method outlined by Ferguson and Church (2006).  
 
The nested loop then proceeds to calculate the concentration change over distance of each 
defined bin. The concentration change is calculated using the method determined by Wiberg and Ruben 
(1989), using an iterative approach to define the shear stress at the bed through the depth integrated 
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law of the wall to a tolerance of 0.001. The product of average velocity, concentration, and water depth 
is stored for each bin and passed to a subsequent loop. This final loop employs basic numerical modeling 
to calculate the partial derivative over a rolling three bin focal point. The result of the partial derivative 












Chapter 3: Results 
 
3.0 – Wax Lake Delta System 
Measurements taken on the Wax Lake Delta span from 2016 to 2020 and are supplemented by 
publicly available United States Geological Survey (USGS) and National Ocean and Atmospheric 
Administration (NOAA) discharge and weather stations. Resolved data is characterized into high 
discharge (February to July) or low discharge (August to January) annual cycles as shown in Figure 3.1 on 
the following page. 
 
Field data is additionally resolved into model input format with flow data reduced to the 
characteristic streakline, sediment data reduced to grain sizes of interest, and coastal influences 
reduced to mean tide and the angle of wave arrival in relation to the characteristic streakline. Figure 3.2 
outlines the chosen characteristic streakline for the modeled case. Table 3.1 segments the characteristic 
streakline into bins with length and average water depth established. 
 
 
Figure 3.2: Characteristic delta front streakline. Orange triangular bin marker designated the end point of each bin, 
total modeled distance equals 3,003 meters. 
 
Table 3.1 – Chosen model inputs, binned distance with corresponding depths.  
Bin Number 1 2 3 4 5 6 7 8 
Bin Length (m) 3 200 200 200 200 200 200 200 
Depth (m) 0.4 0.5 0.7 1.0 1.3 1.5 1.8 1.8 
Bin Number 9 10 11 12 13 14 15 16 
Bin Length (m) 200 200 200 200 200 200 200 200 






Figure 3.1: Wax Lake Outlet annual discharge from USGS Station #07381590 at Calumet, Louisiana, USA. 2017 – 2019 Wax Lake Outlet discharge depicting 
bimodal high flow and low flow annual trends. High flow conditions March through July and low flow conditions from August through February
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3.0.a – Flow 
Flow conditions were acquired primarily with boat mounted Acoustic Doppler Current Profiler 
(ADCP). Sample points were taken throughout the delta front environment at varying depths in March 
2018 during high flow conditions. Data acquired during October 2020 field outing were largely 
inconclusive due to instrument connectivity issues, although a few data points are used to estimate 
approximately a 14% reduction in flow between high flow and low flow conditions. Figure 3.3 illustrates 
the estimated change in flow conditions between high flow and low flow conditions. Tables 3.2 and 3.3 
append average flow velocities in meters per second to the established model framework. 
 
 
Figure 3.3: Estimated velocity profile along characteristic streakline. High flow conditions derived from March 2018 
ADCP data and low flow conditions derived from limited October 2020 ADCP data and estimated at 14% decrease 
from measured high flow conditions. 
 
Table 3.2 – Chosen model inputs, high flow period average velocity. 
Bin Number 1 2 3 4 5 6 7 8 
Bin Length (m) 3 200 200 200 200 200 200 200 
Depth (m) 0.4 0.5 0.7 1.0 1.3 1.5 1.8 1.8 
Velocity (m/s) 1.07 0.68 0.56 0.47 0.46 0.43 0.42 0.41 
Bin Number 9 10 11 12 13 14 15 16 
Bin Length (m) 200 200 200 200 200 200 200 200 
Depth (m) 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.2 
Velocity (m/s) 0.40 0.38 0.36 0.33 0.28 0.22 0.20 0.13 
 
Table 3.3 – Chosen model inputs, low flow period average velocity. 
Bin Number 1 2 3 4 5 6 7 8 
Bin Length (m) 3 200 200 200 200 200 200 200 
Depth (m) 0.4 0.5 0.7 1.0 1.3 1.5 1.8 1.8 
Velocity (m/s) 0.92 0.60 0.49 0.41 0.40 0.38 0.37 0.36 
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Table 3.3 Continued. 
Bin Number 9 10 11 12 13 14 15 16 
Bin Length (m) 200 200 200 200 200 200 200 200 
Depth (m) 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.2 
Velocity (m/s) 0.35 0.33 0.31 0.29 0.24 0.19 0.18 0.11 
 
3.0.b – Sediment 
Physical bed grab and suspended sediment samples were collected between 2018 and 2020 
from locations noted in Figure 3.4. The spatial variations in sample collection estimates the total silt and 
sand fraction (defined as 0 – 60.5 microns for silts and 64.5+ microns for sand).  
 
 
Figure 3.4: March 2018 and October 2020 sample locations. 
 
Bed grab sample grain size distribution is represented in Figure 3.5 for March 2018 samples and 
Figure 3.6 for October 2020 samples. March 2018 bed grab samples show a distribution between 1.2-
microns and 429-micron sediment with sampled locations ranging from subaqueous channel sands to 
delta front mixed sediment sizes. October 2020 bed grab samples range from 1.2-microns to 356-micron 
sediment with most sample locations located in interdistributary bay and delta front conditions. The 
combined March 2018 and October 2020 bed grab samples inform the deposited sediment distribution 





Figure 3.5: March 2018 bed grab sample grain size distribution. Bed grab samples taken along a particle streakline 




Figure 3.6: October 2020 bed grab sample grain size distribution. Bed grab samples taken throughout 






Figure 3.7: Percentage of silt and sand at increasing distance from Gadwall Pass subaqueous channel. Exception 
data points highlighted as originating from Main Pass subaqueous channel. Streakline distance for these points 
were measured to Main Pass subaqueous channel, while all other streakline distances were measured to Gadwall 
Pass. 
 
Grain size distribution from March 2018 suspended sediment samples ranges from 1.2-microns 
to 350-microns, represented in Figure 3.8. The October 2020 suspended sediment samples are not 
representative of the actual grain size distribution due to a large diameter environmental contaminant, 
shown in Figure 3.9. March 2018 suspended sediment data is used to inform grain size distribution from 
the subaqueous channel presented in Figure 3.10. 
 
 





Figure 3.9: October 2020 suspended sediment sample environmental contamination. 
 
 
Figure 3.10: March 2018 suspended sediment sample silt and sand proportion at increasing distance from Gadwall 




Both the suspended and deposited delta front sediment distribution is synthesized in Table 3.4, 
highlighting the distinct grain sizes used in each model. 
 
Table 3.4 – Model grain size inputs. 
Advection Settling Model 
 Silt Fraction Sand Fraction 
Grain Size (micron) 42 50 61 75 105 
Mass Conservation Rouse Profile Model 
 Silt Fraction Sand Fraction 
Grain Size (micron) 42 75 
 
3.0.c – Coastal Influences 
Figure 3.11 identifies the National Ocean Services AMRL1, Amerada Pass, and EINL1, North of 
Eugene Island, stations used to pull tidal and atmospheric data from the NOAA Waves and Tides and 
National Data Buoy Center public databases. Station AMRL1 is similar latitude as the chosen 
characteristic streakline, but in a more sheltered, inland location. While station EINL1 is located to the 
Southeast of the characteristic streakline in a less sheltered location. 
 
 
Figure 3.11: Location of National Ocean Services AMRL1 and EINL1 instrument stations in relation to characteristic 
streakline. 
 
2016 through 2020 monthly average tidal data from National Ocean Services AMRL1 and EINL1 
stations was pulled from the publicly available NOAA Waves and Tides Database. Figure 3.12 complies 





Figure 3.12: Minimum, mean, and maximum tidal conditions at Eugene Island (EI) and Amerada Pass (AP) stations 
from January 2017 through June 2021. 
 
Atmospheric data from National Ocean Services AMRL1 and EINL1 stations was pulled and 
compiled for 2017 through 2020. Figure 3.13 shows a wind rose at each station for both high flow and 
low flow conditions. Wind direction across the WLD is likely a combination of the events recorded at 
stations AMRL1 and EINL1 as neither station is ideally located. The reduced primary wind direction for 





Figure 3.13: Annual wind climate at AMRL1 and EINL1 stations. Wind climate is broken in high flow and low flow 
periods, showing the direction wind is coming from at each station. 
 
The final wind wave description components, wave period, significant wave height, and 
wavelength are derived from the Lowell Tilt Current Meters and theoretical wind wave values. Wave 
period is estimated at 5 seconds, or 0.2 Hz as shown in Figure 3.14. Significant wave height is 
conservatively estimated at 0.2 meters, and wavelength is estimated at 11 meters.  
 
The angle of incident between the wind wave direction were measured at each bin location 
along the characteristic streakline. Tables 3.5 and 3.6 append the wave climate for high flow and low 
flow periods respectively.  
 




Figure 3.14: TCM frequency domain resolved wave period. Left of black dotted line indicates region of wave 
produced oscillations. Frequency spike at about 0.4 Hz is a known induced vortex oscillation of the instrument 
highlighted by the manufacturer. 
 
 
Table 3.5 – Chosen model inputs, high flow period wave climate. 
Bin Number 1 2 3 4 5 6 7 8 
Bin Length (m) 3 200 200 200 200 200 200 200 
Depth (m) 0.4 0.5 0.7 1.0 1.3 1.5 1.8 1.8 
Velocity (m/s) 1.07 0.68 0.56 0.47 0.46 0.43 0.42 0.41 
Wave Angle (°) 7 4 6 9 14 15 23 25 
Bin Number 9 10 11 12 13 14 15 16 
Bin Length (m) 200 200 200 200 200 200 200 200 
Depth (m) 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.2 
Velocity (m/s) 0.40 0.38 0.36 0.33 0.28 0.22 0.20 0.13 
Wave Angle (°) 25 39 54 77 78 89 88 89 
 
Table 3.6 – Chosen model inputs, low flow period wave climate. 
Bin Number 1 2 3 4 5 6 7 8 
Bin Length (m) 3 200 200 200 200 200 200 200 
Depth (m) 0.4 0.5 0.7 1.0 1.3 1.5 1.8 1.8 
Velocity (m/s) 0.92 0.60 0.49 0.41 0.40 0.38 0.37 0.36 
Wave Angle (°) 71 71 78 77 81 82 79 88 
Bin Number 9 10 11 12 13 14 15 16 
Bin Length (m) 200 200 200 200 200 200 200 200 
Depth (m) 1.9 1.9 2.0 2.0 2.1 2.1 2.2 2.2 
Velocity (m/s) 0.35 0.33 0.31 0.29 0.24 0.19 0.18 0.11 
Wave Angle (°) 75 74 52 33 39 27 28 17 
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3.1 – Advection Settling Model Results 
The advection settling model results are presented in a four-grid figure set for each modulated 
condition in both high flow and low flow conditions. The modulated conditions are no coastal influence, 
waves only, tides only, and full coastal influence. Each figure in a set is calculated with bed roughness 
height varying from 1 (well mixed suspended and bed load sediment transport) to 0.25 (heavily 
suspension dominated sediment transport). Low flow conditions are presented first in Figures 3.15, 
3.16, 3.17, and 3.18. High flow conditions are presented in Figures 3.19, 3.20, 3.21, and 3.22. 
 
In each modeled case, the parameters with the greatest impact on the transport length of any 
given grain size are bed roughness height, r0, and addition of tidal excursion. Using a bed roughness 
height of 1, all modeled grainsizes are dropped from suspension by 400 meters, or the third input bin. A 
bed roughness height of 0.25 allows the smallest modeled grain size, 42 microns, to reach distances up 
to 2400 meters, or the fourteenth input bin. Adjusting the bed roughness height by 0.25 decrements 
increases the distance sediment is transported by up to 400 meters.  
 
The addition of tidal excursion likewise increases the transport distance of suspended sediment. 
The additional depth increases the transport of coarser sediments by 200 to 400 meters (or two bin 
lengths). These results are consistent across both the high and low flow cases.  
 
The advection settling model results with the addition of waves show little to no change to the 
cases without waves applied, regardless of high or low flow. In all cases, the model calculates sufficient 








Figure 3.15: Advection settling model, low flow conditions, no coastal influences. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 





Figure 3.16: Advection settling model, low flow conditions, waves included. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport modes 





Figure 3.17: Advection settling model, low flow conditions, tidal increase included. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 




Figure 3.18: Advection settling model, low flow conditions, full coastal influences. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 





Figure 3.19: Advection settling model, high flow conditions, no coastal influences. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 





Figure 3.20: Advection settling model, high flow conditions, waves included. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport modes 





Figure 3.21: Advection settling model, high flow conditions, tidal increase included. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 




Figure 3.22: Advection settling model, high flow conditions, full coastal influences. Bed roughness height, r0, starts at well mixed (r0 = 1) sediment transport 
modes and is adjusted for increasing suspension dominated transport. Grain sizes noted in legend are in microns. Bed level represents binned depth. 
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3.2 – Mass Conservation, Rouse Profile Model Results 
The mass conversation, Rouse profile model results are likewise presented in a four-grid figure 
set for high flow and low flow conditions. Modulated conditions are no coastal influences, waves only, 
tides only, and full coastal influences denoted by a letter in parenthesis located in the bottom left of 
each panel. Each figure set includes all possible modulations of these conditions. Low flow conditions 
are presented first in Figure 3.23 and high flow conditions are presented in Figure 3.24. 
 
In all cases, this model predicts sand sized grains (characteristic 75 microns) can reach distances 
upwards of 1600 meters away from the subaqueous channel levee in suspension. This is nearly 1000 
meters farther than the advection settling model predicts for similar sizes grains. Additionally, the silt 
class (characteristic 42-micron grain size) reaches as far as the sand class in suspension, and in many 
cases exceeds the sand class distance by one bin length. Both grain size classes investigated by this 
model are in a depositional environment (negative result of the partial derivative) for the entirety of the 





Figure 3.23: Mass conservation Rouse profile model, low flow conditions. Figure panels represent different coastal influence states: (A) no coastal influences 





Figure 3.24: Mass conservation Rouse profile model, high flow conditions. Figure panels represent different coastal influence states: (A) no coastal influences 
(B) waves only (C) tides only (D) waves and tides.
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Chapter 4: Discussion 
 
4.0 – Research Problem & Hypotheses 
The movement of sediment in a fluvially dominated delta system fails to conform to a pure 
advection settling model, which lends itself to the following central research question: In a shallow, 
prograding delta system, why do fine-grained sediments reach greater distances than current advection 
settling models can predict?  
 
In addressing this research problem, two root processes, two-dimensional sediment transport 
models have been developed: an advection settling model and a mass conservation Rouse profile 
model. The sediment transport regime on the Wax Lake Delta, Louisiana, USA is used to validate each 
model and address the following hypotheses: 
 
Hypothesis 1:  
Depositional grain size fining trends on delta fronts depend only on the change in shear stress from the 
decreasing outlet flow and can be modeled by advection settling models. 
 
Null Hypothesis 1:  
Depositional grain size fining trends on delta fronts do not ONLY depend on the change in shear 
stress from the decreasing outlet flow and will not fit only an advection settling model. 
 
Results from the advection settling model (figures 3.15 – 3.22) address advected sediment transport 
through a variety of flow and coastal process influence conditions. Considering the most optimistic, 
highest energy case of high flow, full coastal influence, and bed roughness skewed toward heavily 
suspension dominated transport conditions in figure 4.1 on the following page, the advection settling 
model fails to predict sand sized grains of 61 microns in suspension past 1,200 meters. Data collected on 
WLD in March 2018 support sand size grains reaching distances in excess of 2,500 meters (figure 3.10) in 
suspension. Therefore, null hypothesis 1 is substantiated, leading into the assessment of the second 
proposed hypothesis: 
 
Hypothesis 2:  
Suspended sediment concentration fines from the initial point of velocity deceleration on to the delta 
front to ultimate deposition. 
 
Null Hypothesis 2:  
Suspended sediment concentration does not fine from the initial point of velocity deceleration on to 
the delta front to ultimate deposition. 
 
 Furthermore, qualifying null hypotheses are presented in an effort to define the processes 
capable of presenting the suspended sediment trends across the delta front. Each qualifying null 
hypothesis investigates a specific process waves, tides, and flood events. These null hypotheses are 





Figure 4.1: Optimistic advection settling model. High flow, full coastal influences, and bed roughness skewed  
toward suspended sediment transport. 
 
Qualifying Null Hypotheses 
Hypothesis 2a:  
Variations in sediment concentration over the decreasing velocity fields can be modeled by 
incorporating cyclical wave action. 
 
Hypothesis 2b:  
Variations in sediment concentration over the deceasing velocity fields can be modeled by 
incorporating tidal influences. 
 
Hypothesis 2c:  
Variations in sediment concentration over the decreasing velocity field can be modeled by 
incorporating flooding events. 
 
 Suspended sediment data collected in March 2018 illustrates a decrease in the proportion of 
sand present in suspension at increasing streakline distance from the subaqueous channel. However, 
there is still sand present (approximately 0.05%) over 2,500 meters away from the subaqueous channel. 
While the proportion of sand decreases, it does not disappear in a uniform fining trend, leaving only silt 
sized particles at greater distances. While more data is preferable to confidently refute hypotheses 2, 
the limited, uncontaminated data set available indicates that suspended sediment concentration does 
not fine from the point of velocity deceleration over the subaqueous channel levee. 
 
Lack of a distinct fining trend is farther observed in the mass conservation Rouse profile model. This 
model supports the transport of suspended sediment to 2,200 meters (figure 4.2 on the following page) 
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in high flow, low tide conditions. This model suggests a large portion of both grain size classes is 
deposited near the subaqueous channel levee, while the deposition of both grain size classes tapers 
until 2,000 meters and the remaining silt deposits by 2,400 meters. This model supports the foundation 
of null hypotheses 2, indicating that the concentration of suspended sediment does not fine over 
transported distance, but instead larger grain classes are capable of reaching much greater lengths in 
suspension than predicted by the advection settling model. While the Rouse profile model supports a 
large length of intermixed sand and silt deposition, there is insubstantial field data to fully substantiate 
the second null hypothesis (or any of the qualifying null hypotheses). 
 
 
Figure 4.2: High flow, no coastal influences mass conservation Rouse profile model. Negative partial derivative 
indicates depositional environment for both grain size classes throughout length of deposition. 
 
4.1 – Delta Front Sediment Transport 
Considering both the advection settling and mass conservation Rouse profile model in tandem, 
the complexity of sediment transport on a fluvially dominated delta front takes shape. Figure 4.3 on the 
following page presents the high flow condition with and without tides for both models. Taking the 
suspension dominated advection settling models into consideration, with increased water depth from 
tidal incursion, grain sizes have the potential to reach greater distances on the delta front. The mass 
conservation Rouse profile, however, would indicate that the silt size fraction reaches greater distances 
during lower tides.  
 
This discrepancy is explained by how the bed shear stress from the flow is calculated in the mass 
conservation Rouse profile model. Calculating the bed shear stress from average velocity by depth 
integrating the general form law of the wall overestimates the bed shear stress value (Schlichting, 2000). 
Since the calculations are done over a binned distance of 200 meters, the added shear stress in the low 




Figure 4.3: High flow model comparison without waves. (A) without tides. (B) with tides. Bed roughness height, r0, in the advection settling model is chosen to 
be 0.25, or a suspension dominated transport condition
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Additionally, the overestimated bed shear stress value greatly attenuates the imparted bed 
shear stress from wave action. Throughout all flow and tide conditions, additional wave shear stress 
does not alter either model. Pulling a sample of calculated values, the law of the wall depth averaged 
bed shear stress is on the order of magnitude of 0.1 – 0.2 Pa, while wave derived bed shear stress is only 
5 – 15% of this value before attenuating for wave angle. Without acknowledging shear stress calculation 
methods, this result might indicate that delta front wave action does not have any impact on the 
sediment transport mechanisms. However, every advection settling model result, regardless of coastal 
influence carries a 105-micron sand grain to the model boundary as part of the bed load (Figure 4.4). 
While the depth integrated law of the wall bed shear stress can explain this result, it is possible that the 
effect of wave-derived bed shear stress is being masked and wave energy added to the system should 
not be readily discounted as an influence on sediment transport. 
 
 
Figure 4.4: 105-micron sand minimum case advection settling model. Low flow, no coastal influences. 
 
Pushing the boundaries of the advection settling model, the volume of water in the storm surge 
from Hurricane Gustav, a category four storm on the Saffir-Simpson hurricane wind scale (National 
Oceanic and Atmospheric Administration, 2021), is added on top of the low flow, no wave conditions 
resulting in figure 4.5 on the following page. Only the addition of an increased water depth substantially 
changes the most basic sediment transport model, providing a mechanism for all grain sizes to travel 
farther than is allowable in median low flow conditions.  No fewer than 44 identified hurricanes and/or 
tropical storm strength events have impacted the wax lake delta coastline since its inception in 1942 
(National Oceanic and Atmospheric Administration, 2021). Table 4.1 identifies the most recent sever 





Figure 4.5: Storm surge theoretical advection settling model. 
 
Table 4.1 – Storm activity within 60 nautical miles of Wax Lake Delta, 2008 to present. 
Named Storm Maximum Intensity Storm Surge Date(s) 
Zeta Category 3 Hurricane 6 – 10 ft  |  1.8 – 3.0 m 10/28 – 10/29/2020 
Marco Category 1 Hurricane - 8/25/2020 
Olga Tropical Storm 3.5 ft  |  1.1 m 10/26/2019 
Barry Category 1 Hurricane 6.13 ft*  | 1.9 m 7/13/2019 
Isaac Category 1 Hurricane 13.5 ft  |  4.1 m 8/29 – 8/30/2012 
Lee Tropical Storm 4.09 ft  |  1.2 m 9/3 – 9/5/2011 
Bonnie Tropical Storm 0.94 ft  |  0.29 m 7/25/2010 
Gustav Category 4 Hurricane 12 – 13 ft  |  3.7 – 4.0 m 9/1 – 9/2/2008 
*measurement taken at Eugene Island Station, EINL1 
 
 While the U.S. National Hurricane Center’s official Atlantic hurricane season runs from June 1st 
through November 30th, there is no shortage of storm like conditions present outside of this timeframe. 
From October through April, the passage of cold fronts (also referred to in literature as winter storms, 
extratropical storms, or extratropical cyclones), the interface between heterogeneous air masses with 
the colder, drier, and denser air mass advancing toward a warmer, moister, and lighter air mass, are a 
dominant 3- to 7- day weather pattern (Chuang & Wiseman, 1983; Hsu, 1988; Walker & Hammack, 
2000; Keen, 2002; Pepper & Stone, 2002). Meteorological and oceanic phenomena associated with cold 
front passage include wind and current veering, sediment resuspension, and water level variations 
(Mossa & Roberts, 1990; Walker & Hammack, 2000; Li et al., 2011). The combination of the hurricane 
and tropical storm season, followed by a robust cold front season indicate that the average daily 




4.2 – Closing Remarks 
Comparing the results of a modified advection settling model and a mass conservation Rouse 
profile model highlights the necessity to explore a problem from multiple angles. While neither model 
fully reproduces the sediment transport conditions observed on the Wax Lake Delta, each model 
provides new insight into the processes incorporated into preserved strata.  
 
The mass conservation Rouse profile model shows it is possible for sand to reach 2,000 meters 
down a particle streakline when continual re-entrainment is considered. The advection settling model 
showcases the importance of water level fluctuations from tidal incursion providing more vertical space 
for particles to remain in suspension. Incorporating coastal influences into both models indicates that to 
understand a fluvially dominated, deltaic system, the extra energy added by waves and tides, even if it 
arguably small by comparison, needs to be acknowledged. 
 
The median river and coastal processes acting on the Wax Lake Delta, as defined and 
incorporated in these models, fail to accurately predict both the suspended sediment and bed sediment 
distribution. This inability to predict the deposited bed sediment indicates the defined median 
conditions do not represent the conditions at time of sediment preservation, and therefore are not the 
geologically significant median conditions. The extensive sand distribution across the delta front 
indicates higher energy events may play a key role in extending the advection length scale and/or 
substantiating continual re-entrainment of sand sized grains. This in in turn implies that fluvially 
dominated deltaic systems preserved in the stratigraphic record are not only a result of the paleo delta’s 
mean riverine and coastal conditions but display a complex relationship of storm cycles intermixed with 
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Appendix A: Summary of Equations 
The following list of equations is divided into 1) flow, 2) sediment, and 3) coastal influences. 
Each section provides a complete list of equations, variables, and references. Equation numbers 
are correlated with the equation numbers in the body of the text.  
 
A1. Flow Equations 










(eq. 2) Conversion of shear fluid velocity to fluid shear stress: 
 
τ∗ =  u∗ ρfluid 
 
(eq. 3) Bed load reference concentration (Wiberg & Rubin, 1989): 
 
〈Ci〉 =  
0.045 CbE
0.93
1 + 0.045 E0.93
 
 
(eq. 4) Sediment mobility fraction (Wiberg & Rubin, 1989): 
 









(eq. 5 – 8) Grain critical shear stress (Fischenich, 2001): 
 
For Clays:     τcr =  0.5 × g (ρs − ρf) d × tan(Φ) 
 
For Silts and Sands:     τcr =  0.25 𝑑∗
−0.6 × g (ρs − ρf) d × tan(Φ) 
𝑎𝑛𝑑 𝑑∗ = 𝑑 × [






For Gravels and Cobbles:     τcr =  0.06 × g (ρs − ρf) d × tan(Φ) 
 
(eq. 9 – 10) Saltation height (Wiberg & Rubin, 1989): 
 
δb = D (
0.68 T∗
1 +  a2 T∗
) 
 
a2 = 0.024 (ln D)




Table A.1 – Flow parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
ū(z) 
Average Flow Velocity at 
Depth z 
meters 
Schlichting, 2000 z Depth meters  
z0 Reference Depth meters 
u* Fluid Shear Velocity meter per second 
κ von Kármán dimensionless von Kármán, 1931 
ν Kinematic Viscosity of Water m2 / s - 
g Gravitational Acceleration m / s2 - 
τ* Fluid Shear Stress Pascals - 
ρs Grain (Solid) Density kg / m3 - 
ρfl or ρfluid Fluid Density kg / m3 - 
G Grain Specific Gravity dimensionless - 
u*cr Critical Fluid Shear Velocity meter per second 
Wiberg and Ruben, 1989 
τ*cr Critical Fluid Shear Stress Pascals 
<Ci> 
Reference Bed Load 
Concentration 
volume / volume 
Cb 
Maximum Bed Load 
Concentration 
volume / volume 





δb Sediment Saltation Height meters 
d or D Grain Diameter meters 
 
A2. Sediment Equations 
(eq. 11) Krumbein phi scale conversion (Krumbein, 1934): 
 





(eq. 12) Corey shape factor (Corey, 1949): 
 







(eq. 13) Janke shape factor (Janke, 1966): 
 
𝐸 = 𝑐 (











(eq. 14 – 17) Dietrich settling velocity equations (Dietrich, 1982): 
 
W∗ =  R3  ×  10
(R1+ R2) 
 
Size and Density:  R1 =  −3.76715 + 1.92944(log D∗) − 0.09815(log D∗)
2.0 
                                                     −0.00575(log D∗)
3.0 + 0.00056(log D∗)
4.0 
 
Shape:  R2 = log (1 −
1 − CSF
0.85
) − (1 − CSF)2.3 tanh(log D∗ − 4.6) 
                          +0.3(0.5 − CSF)(1 − CSF)2.0(log D∗ − 4.6) 
 
Roundness:  R3 =   [0.65 − (
CSF
2.83






(eq. 18) Particle Reynolds number: 
 





(eq. 19 – 22) Ferguson and Church (2006) piecewise settling velocity equations: 
 




















And where C1 and C2 are constants applied depending on the type of sediment being evaluated: 
 For Smooth Spheres: C1 = 18 and C2 = 0.4 
 For Natural Sands: C1 = 18 and C2 = 1.0 for sieve diameter 
C1 = 20 and C2 = 1.1 for nominal diameter 
 For Angular Grains: C1 = 24 and C2 = 1.2 
 
Table A.2 – Sediment parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
φ Krumbein Phi Scale dimensionless Krimbein, 1934 
D Grain Diameter mm or m  - 
CSF Corey Shape Factor dimensionless Corey, 1949 
60 
 
Table A.2 Continued 
E Janke Shape Factor dimensionless Janke, 1966 





b Intermediate axis 
c Shortest axis 
ws Particle Settling Velocity m / s 
Dietrich, 1982 
Ferguson & Church, 2006 
ν Kinematic Viscosity of Water m2 / s - 
g Gravitational Acceleration m / s2 - 
R Submerged Specific Gravity unitless - 
ρs Solid Density g / cm3  or  kg / m3 - 
ρf Fluid Density g / cm3  or  kg / m3 - 
Re Particle Reynolds Number unitless Reynolds, 1883 
 
A3. Coastal Influence Equations 
(eq. 23) Time-averaged, wave applied bed shear stress (van Rijn): 
 
τb,w = 0.25 ρf fw (Uw)
2 
 
(eq. 24 – 26) Wave related friction factor (van Rijn): 
 























(eq. 27) Peak orbital excursion (van Rijn): 
 





(eq. 28) Peak orbital velocity (van Rijn): 
 





(eq. 29) Wave number (van Rijn): 
 







Table A.3 – Wave parameters with common symbology, units, and references. 
Symbol Definition Units Reference(s) 
τw,b 
Wave Derived Bed Shear 
Stress 
Pascals 
van Rijn, 2007a, 
2007b, 2008, 2012 
ρf Fluid Density kg / m3 
fw 
Wave Related Friction 
Coefficient 
dimensionless 
Uw Peak Orbital Velocity m / s 
Aw Peak Orbital Excursion meters 
kw,s 
Wave Related Bed 
Roughness 
meters 
ν Kinematic Viscosity m2 / s - 
Tp Peak Wave Period seconds van Rijn, 2007a, 
2007b, 2008, 2012 Hs Significant Wave Height meters 
k Wave Number 1 / meters 
van Rijn, 2007a, 
2007b, 2008, 2012 
h Water Depth meters 






Appendix B: Model Code 
 
Code for both the advection settling model and mass conservation Rouse profile models is available 




Enclosed in the code packet is a “read me” file detailing the brief installation and necessary file path 
updates. The “read me” file is printed herein as reference. 
 
# University of New Orleans 
# Department of Earth and Environmental Sciences 
 
FINE GRAINED DELTA FRONT SEDIMENT TRANSPORT 
M.S. Earth and Environmental Science 
Sarah Noel, December 2021 
 
Description of Models: 
The enclosed code contains two distinct models (1) an augmented Advection Settling and (2) Mass 
Balance Rouse Profile. Referenced functions are catalogued in the funnction.py file with commented 
method referenced, inputs, and outputs.  
 
(1) Advection Settling Model 
The augmented advection settling model follows the path of specific grain size as it falls though the 
water column. Once the grain reaches the bed, the bed shear stress conditions are evaluated to 
determine if the grain can be carried as bed load or will be deposited. This depositional check 
augments the interpretation of advected sediment transport. 
 
(2) Mass Balance Rouse Profile Model 
The mass balance Rouse profile model considers the fluid stress conditions, grain size, and water 
depth to determine the erosional or depositional state for a specific grain size fraction at a given 




Installation and Use Guide: 
1) Unzip and place nested folders into a stable location. 
2) Update the following file paths: 
        (1) Advection Settling lines #15, 34 
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